The two antipodean sea lion species are the rarest sea lions in the world. They are relatively similar in abundance and share common conservation management concerns. Recovery from commercial sealing in the eighteenth to twentieth centuries and ongoing interactions with commercial fishing activities are primary concerns. However, there are marked differences in distribution (number of breeding colonies) and life history traits, in particular the variation in breeding cycles and population genetic structure. These factors must be taken into consideration in addressing management concerns and are reflected in the current management actions being taken for both species in regard to interactions with commercial fishing activities.
Introduction
Conservation management of sea lions has been focused on the plight of the Steller sea lion, in light of the precipitous decline in abundance over the last 30 years (Loughlin 1998) . Similar issues of incidental bycatch, direct harvesting, and resource competition are relevant for all species, including the Australian (Neophoca cinerea) and New Zealand sea lion (Phocarctos hookeri). These two species, while similar in abundance, differ markedly in aspects of biology and the issues confronting them. In this paper we will address the current issues of concern for these two species and provide an overview of the challenges facing managers of these resources.
New Zealand sea lion

Distribution and abundance
The endemic New Zealand sea lion, Phocarctos hookeri (also known as Hooker's sea lion) is one of the world's rarest pinnipeds, and has a highly localized distribution. The majority of the species is found in the New Zealand subantarctic, although some animals disperse as far as the New Zealand mainland and occasionally Macquarie Island. The breeding distribution of P. hookeri is centered on the New Zealand subantarctic islands with 87% of pup production for the species occurring at two breeding areas in the Auckland Islands and the remaining 13% born at Campbell Island ( Fig. 1 ; . Under New Zealand legislation, P. hookeri have been gazetted as a threatened species and are also listed as threatened by the IUCN (IUCN 2004 , Hitchmough 2002 . The species is designated as "vulnerable" as breeding is restricted to less than five locations (IUCN 1994 ). Occasional births have been recorded at the Snares (Crawley and Cameron 1972), Stewart Island and Otago Peninsula (McConkey et al. 2002) . The mean population size of New Zealand sea lions is estimated at 11,855 (95% confidence intervals 10, 625) Chilvers unpubl. data) . The population appears to be undergoing a low-level decline in recent years from the population estimate of approximately 12,000-14,000 individuals in the mid 1990s Fletcher 1999, Wilkinson et al. 2003, B.L. Chilvers unpubl. data) . Pup production at Sandy Bay in the Auckland Islands has been approximately stable for at least the last three decades but is showing the same slow decline as the overall population (B.L. Chilvers unpubl. data). Records from other colonies are not sufficient to assess the longterm status. During the last decade there have been three unusually high mortality events recorded. In the 1997-1998 breeding season over 53% (n = 1,600) of pups and at least 70 adults died from an unidentified cause, speculated to have been a bacterial infection (Wilkinson et al. 2003) . Two similar events, thought to be related to Klebsiella pneumoniae epidemics (Wilkinson et al. 2003) resulted in over 33% and 21% mortality in pups by 6 weeks of age during the breeding seasons 2001-2002 and 2002-2003 respectively. Although the impacts of these events on this species is not fully understood, it does indicate that disease can play a significant role in their dynamics (Wilkinson et al. 2003) . The epidemics observed in 2001-2002 and 2002-2003 are expected to result in between 2.3% and 4.6% fewer adult females being present in the breeding population in 2007 -2008 (Wilkinson et al. 2006 . The pristine abundance and distribution of the sea lion is unknown but it is clear from archaeological and commercial sealing records that significant exploitation for food and skins took place prior to the twentieth century. New Zealand sea lions had a substantially more widespread distribution before the arrival of humans in New Zealand and the distribution was significantly reduced by sealing and subsistence harvesting, which are the most likely causes of historical changes in distribution and abundance. The pre-exploitation distribution included the whole length of mainland New Zealand's coast, from the far north of the North Island through to Stewart Island and the subantarctic islands ( Fig. 1 ; Childerhouse and , Gill 1998 . The present breeding range is restricted to the Auckland Islands and Campbell Island, and a few individuals breeding irregularly outside of these areas. Within the last 10 years a few females (<10) have started to breed on mainland New Zealand and Stewart Island, which may reflect a slow recolonization of earlier breeding grounds (McConkey et al. 2002) .
Biology and ecology
New Zealand sea lions have marked sexual dimorphism: adult males weigh up to 450 kg and females up to 160 kg (Crawley 1995) . At birth pups are 8-12 kg (Crawley 1995) . Adult females vary from buff to creamy gray with darker pigment around the muzzle and flippers. Adult males are blackish-brown with a well-developed black mane of coarse hair reaching the shoulders (Crawley 1995) . New Zealand sea lions breed and haul out on a diverse range of terrestrial habitat including sandy beaches, reef flats, grass and herb fields, dense bush and forest, and solid bedrock. They are polygynous breeders with colonial breeding occurring during the austral summer December-January. Adult males hold and defend physical territories on the breeding colonies. Challenges from peripheral males are regular and the tenure of territorial males is short (Robertson et al. 2006.) . Post-parturient females exhibit estrus 7-10 days after birth of their pup and are mated by the territorial bull. Females become sexually mature as early as age 3 and can produce a pup the following year; however, current research indicates a low incidence of females breeding for the first time as either 4 or 5 year olds (I. Wilkinson, Department of Conservation, New Zealand, unpubl. data) . Males become sexually mature at four years old but do not hold territories for a further 3-5 years. Maximum age recorded for both sexes is 23 years old. Foraging studies on lactating females at the Auckland Islands have found that they forage primarily on the shelf, up to 140 km from shore and mostly at depths of 100-200 m, but can dive to more than 500 m (Chilvers et al. 2005) . Related studies have suggested that female New Zealand sea lions appear to be operating (diving) close to their physiological maximum (Costa et al. 1998 (Costa et al. , 2001 Crocker et al. 2001; Chilvers et al. unpubl. data) . There have been no foraging studies for males. Sea lions forage on a wide variety of prey items including fish, cephalopods, and crustaceans and exhibit both benthic and midwater foraging patterns (Childerhouse et al. 2001) .
Management issues
During the 1970s, a trawl fishery for arrow squid (Nototodarus sloanii) was established on the Auckland Island and Snares Island shelf. As the fishery developed, an accidental bycatch of sea lions became apparent (New Zealand Ministry of Agriculture and Fisheries 1991). Estimates of the sea lion bycatch in the squid fishery have varied from year to year, but official estimates range from 14 to 141 for the years 1988-2004. In total, it is estimated that 1,231 sea lions have been killed, at an average of 72 per annum. In addition to bycatch in the squid fishery, sea lions are also caught in other commercial fisheries including scampi, southern blue whiting, and orange roughy (Wilkinson et al. 2003) . As a threatened species, the New Zealand sea lion-squid fishery interaction has been the subject of an ongoing management plan.
Management of the sea lion-fishery interaction has been undertaken in two main areas. The first included the implementation of closed areas to fishing to mitigate the risk accidental captures posed to the population. In 1986 the government imposed a 12 nautical mile exclusion zone around the Auckland Islands that prohibited trawling close to the major breeding areas of the New Zealand sea lion (Sharp-Brewer 1992) . In 1994, the Auckland Islands Marine Mammal Sanctuary was established within this same area with the same controls on fishing; in 2004 this area became part of the Auckland Islands-Motu Maha Marine Reserve, extending the prohibition to all fishing activities within the 12-mile exclusion zone. However, foraging studies have shown that adult females range over 100 km from their breeding sites (Chilvers et al. 2005) , thus limiting the mitigating effect of this measure.
In addition, fisheries controls were implemented to directly manage fishing effort. In an attempt to limit the potential impact of the sea lion bycatch a catch limit or fisheries related mortality level (FRML) of sea lions was set by the government in 1992, on the basis of draft guidelines from the United States National Marine Fisheries Service (e.g., potential biological removal, see Wade 1998) . The estimated level of bycatch is monitored in season by government observers aboard the fishing vessels (normally covering about 20% of all vessels) and the fishery is closed for the remainder of that year when it is estimated that the FRML has been reached (Wilkinson et al. 2003 ).
An FRML is set each year based on population estimates and has been approximately 60-80 individuals a year since 1992. The squid fishery has been closed seven times over the last thirteen years when it was estimated that bycatch exceeded the FRML. While the approach has been successful, it has not always offered complete protection to the sea lions. Often the delay in reporting and closure of the fishery has led to estimated catches of sea lions exceeding the FRML for that year. In 2003 legal action by the fishing industry forced the reopening of the fishery after it was closed. In addition, recent modeling work has suggested that the present method for setting an FRML is overly conservative and that more sea lions can be killed without impacting on the recovery of the population. Based on this modeling work, it is likely that the present method of setting an FRML will be altered to a so-called "adaptive rule" whereby the FRML will be set using a polynomial function at a rate proportional to the number of pups born and will be increased/ decreased according to changes in the status of pup production. It is argued that the use of the adaptive rule is the strategy best suited to optimize utilization of the squid fishery, recognizing information uncertainty and providing for the recovery of New Zealand sea lions. This method resulted in an FRML of 115 sea lions for the [2004] [2005] season. The level of fishing-related mortality for the 2004-2005 season was assessed by calculating an average strike rate of capture per unit fishing effort and then monitoring the fishing effort expended, as opposed to using observers in previous years.
In addition to the setting of an FRML there has been ongoing development of a sea lion excluder device (SLED) that works on a similar principle to grids used in a number of trawl fisheries to exclude sea turtles and other large vertebrates (Seidel and McVea 1982) . This device aims to eject sea lions through an escape panel before they enter the codend of the net, so that they do not get caught and drowned. To date results have been equivocal-there has been reasonable success in ejecting sea lions but many show signs of trauma that would more than likely lead to their death (Wilkinson et al. 2003) . The development is ongoing and at present a 20% discount factor on the average strike rate is allocated to vessels that use an approved SLED, based on the assumption that 20% of the sea lions passing through it survive. This has the effect of increasing the FRML by 20% in relation to the fishing effort allowed under the adaptive rule.
There may also be indirect effects of commercial fishing on the New Zealand sea lion due to resource competition and ecosystem impact; however, the extent or level of this impact is currently unknown. It has been proposed that competition with commercial fishing is one of the causes of the precipitous decline in Steller sea lions (Calkins et al. 1999) , and it is now recognized that ecosystem-based management of fisheries is a key strategy for the maintenance of all marine ecosystems (Pikitch et al. 2004 ).
Research and the future
Current research includes obtaining demographic and population status parameters, health status of populations, and foraging and diet analysis in relation to fisheries interactions. Given the restricted range and small population size of this species, it is vital that population and management models incorporate the effects of disease, data uncertainty, and other stochastic events into management models. This is needed to ensure that the effects of fishing-related mortality on the population can be accurately determined, and appropriate management strategies put in place to ensure the long-term survival of this species.
Australian sea lion
Distribution and abundance
Current population estimates of the Australian sea lion suggest there are approximately 12,000-14,000 animals, and the population is relatively stable (Gales et al. 1994 , Goldsworthy et al. 2003 . Neophoca cinerea breed nearly exclusively on offshore islands between the Houtman Abrolhos Islands (28.45ºS, 113.75ºE) and The Pages (35.78ºS, 138.28ºE) in South Australia, on over 70 individual breeding colonies (Fig. 1) . Most colonies are relatively small, producing less than 50 pups, and approximately 40% of the pup production occurs at three colonies in South Australia (The Pages, Kangaroo Island, and Dangerous Reef). Historical commercial exploitation during the eighteenth to twentieth centuries reduced the range of this species with local and regional extinctions recorded ( Fig. 1; Ling  1999 ). There have been no subsequent recolonizations of these breeding areas. Harvest records suggest that a minimum of 3,500 Australian sea lions were killed. However, recent examination of records for the south coast of Western Australia shows that a minimum of 2,000 animals were killed in this population alone (Campbell 2005) , resulting in a minimum of 5,500 skins harvested across the range.
Trends in pup production vary across colonies with a low level decline reported at Kangaroo Island over the past 20 years, and an increase recorded for Dangerous Reef over the last six seasons (Shaughnessy et al. 2006) . Populations on the west coast of Western Australia appear stable over the past 15 years, though there have been recorded declines in pup production at some of the south coast colonies (Gales et al. 1994 , Campbell 2003 . There are very limited data for most other colonies, and this is one of the fundamental challenges to be met for the effective management of this species.
This species has only recently been listed as "vulnerable" on the threatened species list under federal legislation (Environmental Protection and Biodiversity Conservation Act [EPBC Act] of 1999), based on the prospect that population declines are likely to continue. This listing requires a national recovery plan to be drafted that will identify key threatening processes. Under the EPBC Act, commercial fisheries are required to meet ecological sustainable development (ESD) guidelines that include mitigating impact with protected species to maintain their export license. The Australian sea lion is also afforded "special protection" status by Western Australia state legislation and classified as "rare" under South Australian legislation.
Biology and ecology
The Australian sea lion displays marked sexual dimorphism with males reaching a maximum weight of 350 kilograms and females averaging around 100 kg. Pups are around 5 kg at birth and postparturient females exhibit estrus around 7-10 days after giving birth. This species is a polygynous breeder with males defending a number of females sequentially over the course of the extended 4-5 month breeding season (Ling 1992 , Gales et al. 1994 ).
This species is unique among pinnipeds in having a supra-annual, non-synchronous breeding cycle (Higgins 1993 , Gales et al. 1994 . It displays an elongated 17.5 month breeding cycle which includes a long active gestation phase of 13 months (Ling and Walker 1978 , Higgins 1993 , Gales et al. 1994 . It was postulated that this system evolved in response to a low nutrient environment, allowing for the extension of active gestation and time until weaning to maximize pup survival (Gales and Costa 1997) . Recent research suggests that this cycle may vary in length in relation to SST and possibly resource availability, adding yet another facet to the unique biology of the Australian sea lion (Goldsworthy et al. 2004) .
It was suggested that the asynchronous nature of the breeding cycle was maintained by female natal site fidelity, and that the timing of estrus may be genetically regulated. Investigation of the patterns of mtDNA, which is maternally inherited, showed that there was indeed extremely high levels of female natal site fidelity (Campbell 2003) , resulting in high levels of population subdivision on a finer scale than previously recorded for any marine mammal species (Maldonado et al. 1995 , Lamont et al. 1996 , Bernardi et al. 1998 , Slade et al. 1998 , Anderson and Born 2000 , Goldsworthy et al. 2000 , Trujillo et al. 2004 . A comparable level of population structuring is evident in the California Channel Island fox, where sub-populations are geographically separated by island habitat (Gilbert et al. 1990 ). The consequence of this high level of population subdivision is that nearly each breeding colony is a separate population of locally recruiting females, with obvious consequences for conservation management in light of their small population size. Effectively, every distinct breeding colony is a "management unit" (see Moritz 1994) . The lack of recolonization by N. cinerea to previously known breeding range reflects this trait, and is in contrast to the recolonization of previous breeding range by other otariids (e.g., New Zealand fur seals in Gales et al. 2000) .
Examination of other genetic markers incorporating male and female mediated gene flow (i.e., microsatellites) suggests that there are distinct sub-populations that have minimal gene flow based on regional geography. Males exhibit greater dispersal capabilities than females but appear to be limited to a fairly narrow geographic range (~200-300 km, Campbell 2003) . Low levels of genetic diversity in some sub-populations may also be of consequence to survival, as reduced diversity appears to influence pup survival in other pinnipeds (e.g., harbour seals in Coltman et al. 1998 , grey seals in Bean et al. 2004) .
High rates of pup mortality (40-50%) have been recorded occasionally at a number of breeding colonies (Shaughnessy 1999). Known causes of death are crushing by conspecifics, both accidental and intentional, disease, and starvation (Higgins and Tedman 1990; R. McIntosh, LaTrobe University, Melbourne, Australia, unpubl. data). Rates of mortality at some colonies appear to be greater for breeding seasons that occur primarily in the colder winter months than summer (Gales et al. 1992 , Shaughnessy 1999 . Positive density-dependent effects on pup mortality are evident at three breeding colonies on the west coast of Western Australia, which may act to limit population growth (Campbell 2005) . Average pup mortality rates for the parapatric New Zealand fur seal are at least a magnitude lower, at approximately 2-4% (Gales et al. 2000) . Increased levels of in-teraction in sea lion colonies are possible due to the extended breeding season (5 months) and the plasticity of male territories as they pursue and defend estrus females. It is likely that the peaks of pup mortality are due to a combination of factors but are not currently well understood.
The Australian sea lion is a generalist feeder with a wide array of prey items including rock lobster, cephalopods, shark, and benthic fishes (Gales and Cheal 1992) . Lactating females appear to forage exclusively on the benthos on the continental shelf, between 10 and 120 meters, and are pushing their metabolic limit to a greater extent than any other otariid recorded (Costa and Gales 2003) . Pups and juveniles are restricted to foraging in shallow waters, usually less than 60 meters, due to development of oxygen store capacity. Females have been reported ranging over 60 kilometers from the breeding colony during foraging trips whereas pups and juveniles are limited to shorter range trips up to 20 kilometers (Fowler and Costa 2004.) . Adult males dive deeper (<300 m), ranging across the continental shelf and slope edges (D. Costa, University of California, Santa Cruz, pers. comm.).
Management issues
It is evident that even low levels of incidental mortality (e.g., from fisheries) may adversely affect the viability of the many small, genetically isolated colonies. In addition to this, the known foraging range of this species overlaps extensively with human activities across the continental shelf. This increases the risk of both direct and indirect effects of fishing on the sea lion population, especially for younger animals that are limited to foraging in close proximity to their natal site. Recorded impacts on N. cinerea include incidental capture and injury through entanglement and anecdotal reports of direct shooting (Mawson and Coughran 1999, Shaughnessy et al. 2003) . Indirect effects may include trophic level disturbances through depletion of resources, resource competition, and possible top-down forcing effects by predators of sea lions due to reduced prey abundance. At present, there is little evidence of recruitment overfishing occurring in fisheries that operate within the range of N. cinerea (Penn et al. 2005) , though this issue may be more relevant for pups and juveniles who are confined to foraging in shallow waters.
Understanding the rate of incidental catch in fishing operations and marine debris is poor at present, though indications are that this could be a significant cause of mortality especially among younger cohorts (Page et al. 2004 ). For example, on the west coast of Western Australia an interaction occurs with the pot-based rock lobster fishery. Sea lions forage from pots for lobster and bait and occasionally become stuck in the pot and drown (Shaughnessy et al. 2003 , Western Australia Department of Fisheries 2004 . Surveys of pup production in this area show that between 130 and 150 pups are born every breeding cycle, and preliminary estimates of the level of bycatch suggest that between 2 and 12 animals (pups and juveniles) are caught every fishing season (Campbell et al. unpubl.) . On the basis of this level of bycatch it was decided by the fishery management authority to eliminate the bycatch by means of pot modification (Western Australia Department of Fisheries 2004). Anecdotal reports of significant levels of bycatch of Australian sea lions in other fisheries every season (e.g., demersal gillnets) suggest that there is considerable interaction (Shaughnessy 1999), and may represent a level of bycatch that is adversely affecting the viability of some populations of this species.
The Australian sea lion is also the focus of considerable tourism activities throughout its range and the impacts of this are unknown at present. Potential concerns are the disturbance of breeding colonies resulting in a reduction or loss of reproductive output, transmission of disease, and supplementary feeding. These concerns all have the potential to drastically impact the viability of small populations.
Research and the future
The issue of indirect effects of interaction with commercial fisheries is also of considerable concern given the spatial extent of foraging ranges and the consumption of commercially fished prey species. The broad range of the sea lion's diet may give them the ability to prey shift if required and thus mediate this effect. However, given the high metabolic effort expended by lactating females in foraging, a small change in resource abundance may impact foraging behavior and reduce pup survival rates and female reproductive rates. A number of research projects are currently under way to examine diet, interactions between commercial fishing activity and foraging behavior, and the impacts of marine protected areas on foraging ecology. Increased effort in long-term monitoring of pup production across the range is essential in the light of reported declines at some colonies. This is especially important given the large number of small, reproductively isolated colonies. Mitigation of incidental bycatch and other sources of anthropogenic mortality is a key issue in the effective conservation of this endemic species, and will require close cooperation between research scientists, fishery managers, and fishermen.
Conclusions
The antipodean sea lion species exhibit some similarities in population size and historical processes that affected their distributions, and there are common concerns in the management of interactions with commercial fishing operations. Future management of marine ecosystems will include the challenge of assessing the indirect effects of commercial fishing on top-order predators such as sea lions. There are knowledge gaps for both species, with regard to the ontogeny of foraging behavior and diet, that must be filled to successfully implement ecosystem management. There is also a paucity of life history data for N. cinerea in particular, and this knowledge may be of increasing importance in the future as the impacts of fisheries interactions are assessed. The development of research programs to assess the population decline in other species (e.g., Steller sea lions) provides an opportunity for Southern Hemisphere scientists to tailor their research efforts and provide effective conservation management for the Australian and New Zealand sea lion.
Costa, D.P., and N.J. Gales. 2003 
Introduction
Near the Auckland Islands in the subantarctic waters south of New Zealand, the commercial trawl fishery for arrow squid (Nototodarus sloanii ) incidentally catches some endemic New Zealand or Hooker's sea lions (Phocarctos hookeri ). Because the sea lion population has a threat clas-sification, the bycatch is treated as a serious conservation problem and the fishery is restricted. This study extends the work of and describes a new evaluation of decision rules or "management procedures" for controlling sea lion bycatch. Sea lion biology and the history of exploitation are described by and Wilkinson et al. (2003) . From 2,150 to 3,000 pups are born annually at four rookeries on the Auckland Islands, 385 were born in 2003 at Campbell Island , and very few are born on the South Island (McConkey et al. 2002b ). Sea lions were killed for their hides in the early nineteenth century, were depleted and then rebounded, but pre-exploitation numbers and severity of exploitation cannot be estimated . The species is classified as "vulnerable" by the International Union for the Conservation of Nature (IUCN) (Reijnders et al. 1993 , IUCN 1996 because of the low number of breeding sites.
The Auckland Islands squid fishery (SQU 6T) begins in January or early February each year and usually finishes by June. Sea lions sometimes enter the trawl nets; some are caught and drowned (Table 1 ). The squid fishing industry is excluded from fishing closer than 12 nautical miles (22.2 km) from the islands; it uses sea lion excluder devices in the nets and a Code of Practice (Maunder et al. 2000) , but the bycatch remains a cause for concern. Each year the New Zealand Ministry of Fisheries imposes a bycatch limit, estimates bycatch during the season with an observer program, and closes the fishery if the limit is approached (Table  1) is a conservative estimate of vulnerable sea lions in the previous year, λ ( max R in Wade 1998) is the maximum rate of population increase, and F r is a "recovery factor." N y vuln was taken as the lower 20th percentile of the total population estimate, obtained from a simple model (Gales and Fletcher 1999) using estimates of pup births. Two years of population estimates were averaged. Wade (1998) suggested that 0.12 would be a suitable default value for λ for pinnipeds, but 0.08 was adopted in New Zealand. The recovery factor, F r , was set to 0.15 in New Zealand for reasons that were not recorded. This implementation, first used in 1992, will be called the 1992 rule.
This study was commissioned by the Ministry of Fisheries and guided by a Technical Working Group with representation from stakeholders. It modified and extended the model of to a variety of additional sea lion data. Bayesian results were used in simulations that explored the effects of alternative management procedures (Butterworth and Punt 1999) on the sea lion population and on the fishery.
The New Zealand Department of Conservation (DoC) considers that new sea lion breeding colonies can be encouraged by maintaining the core population at a high percentage of its carrying capacity, K (cf. McConkey et al. 2002a) . Their interim goal (Caroline Hart, DoC, 53 Boulcott St., Wellington, New Zealand, pers. comm.) is "to manage the recovery of the population to at least 90% of K, not delayed by more than 10% compared to the time that would be taken to achieve such a population status with zero fishing related mortality." 
Methods
Population data
Pup birth estimates were made annually by DoC at each of the four Auckland Islands rookeries since the 1994-1995 breeding season (1995); irregular estimates were made before then (Table 2 ) (Wilkinson et al. 2003) . A reliability code was developed for each estimate: for this study only estimates with high reliability codes were used and a sensitivity trial showed that this restriction had little effect on results . Bycatch-at-age frequency was estimated from sea lions caught by the squid fishery, then autopsied and aged (Childerhouse et al. 2004 ) from tooth rings (Table 3 ) (DoC unpubl. data). We combined the 129 age estimates from 1998 and 2000-2002. Remaining data were all provided by Ian Wilkinson (DoC pers. comm.). At the Sandy Bay rookery, biologists tagged breeding females in each of 1999, 2000, and 2001 . They removed a tooth under anesthetic, and we combined the 822 estimated ages (Table 3 ) after comparing the individual years informally.
Female pups were tagged in 1987 and 1990-1993 , and re-sightings were made in later years, especially in 1999 and later (Table 4) A small data set comprised the observed numbers of pups produced by these same 135 branded females in 2001, 2002, and 2003 (99, 69 , and 77 respectively). The final data set (Table 5) 
Estimation model
The Auckland Islands population model was implemented in AD Model Builder™ (Otter Research Ltd, otter-rsch.com/admodel.htm). The parent model, described by , was altered by implementing a full age structure with ages 0-21 and assuming that all animals die after age 21. Model predictions and likelihood components were added for the six new data sets described above.
Survival-at-age was made a four-parameter function. Vulnerabilityat-age (of sea lions to capture by trawls) and maturity-at-age functions were each estimated with two new parameters. The modified model is fully described by Breen and Kim (2005) (available from the first author). Males and females were not modeled separately: combined males and females were modeled. Maximum pupping rate of mature animals (R0) was bounded at 0.50, implying a 50:50 sex ratio. The main estimated parameters are as follows. For population size, an initial number of 1 year Annual survival-at-age is based on four parameters: S0 describes the survival of pups from birth to mid-January, S1 describes the difference between mature and immature survival rates, including those for pups after mid-January, S2 determines the base survival of mature animals and S3 determines the rate at which survival declines with age for mature animals. The model assumes that a constant proportion of the total population breeds on each rookery: it estimates three proportions Q 1 through Q 3 and determines the fourth by subtraction. The estimated bycatch (Table 1) is removed from the population each year, taking numbers-and vulnerability-at-age into account. All density-dependence was assumed to be in the pupping rate: this decreases from its maximum, R0, at low population size to a rate that produces equilibrium at K, with a shape determined by z.
Fitting procedure
The model was fitted simultaneously to each of the seven data sets. All error was assumed to be observation error; process error was not used in fitting but was introduced to forward projections. Estimated pup births were fitted assuming normally distributed error and estimating standard deviations of observation error for each rookery (σ 1 through σ 4 ). Bycatch proportion-at-age was predicted from the model's numbers-and vulnerability-at-age for the relevant years; a normal likelihood was assumed and used a standard deviation function used in the New Zealand rock lobster and abalone assessments (e.g., Haist et al. 2005) . The breeding-at-age data set was fitted in the same way.
The tagged female re-sightings data set was fitted with binomial likelihood and estimating a re-sighting probability, P t re sight − , for each year from 1991 through 2003. The branded breeding female re-sighting data set was fitted similarly except that re-sighting probability was assumed to be 100%. Pups produced by the branded females and the pup mortality rates were fitted with normal likelihood.
Likelihoods were constructed so that we could weight the individual data sets, and as in abalone and rock lobster assessments (e.g., Haist et al. 2005 ) a common component of error, % σ , was estimated and applied to the standard deviations in each element of the normal fits. We estimated 33 parameters.
Bayesian priors were established for all parameters. Most were uniform distributions with wide bounds, intended to represent uninformative priors. Two non-uniform priors were used. The prior for the shape parameter z was a normal-log distribution with mean 2.5 and c.v. 0.3. A lognormal prior was used for the derived parameter λ, with a mean of 0.08 (the value used by the 1992 rule) and a c.v. of 0.4, chosen so that few of the posterior samples contained λ less than 0.02, a value thought to be unrealistically low. Markov chain-Monte Carlo techniques (McMC) were used to estimate the posterior distributions of estimated and derived parameters. We ran a single chain of 30 million simulations, starting at the mode of the joint posterior distribution (MPD) estimates using no burn-in, and we saved 5,000 regularly spaced samples. We examined traces and simple diagnostic plots (running median and percentiles, moving mean) for each chain, but did not use more formal tests for convergence of the chains.
Projection methods
For each set of forward projections we made a 100-year run from each of the 5,000 posterior samples. From the parameter vector and data, the model generates a trajectory of numbers through the beginning of 2004. Additional information required for projections beyond 2004 is: a fishing submodel, a bycatch control rule to generate the annual bycatch limit, and stochastic error applied to population processes and the fishing and observation processes.
Bycatch control rules were applied as if they were management procedures: an input value was obtained from the population model, observed with error, and used to produce a bycatch limit under the rule, fishing was simulated, and the population was updated. This procedure was repeated in a 100-year loop, and the loop was repeated 5,000 times for each bycatch control rule, using each of the samples of the joint posterior distribution.
Fishing submodel
Each year's potential bycatch was modeled as the product of attempted fishing effort, the number of vulnerable sea lions, and an annual catchability coefficient. Attempted fishing effort was based on observed fishing effort (mean 2,871, standard deviation 1,567 tows) from 1988 to 2003, extrapolating in years when the fishery was closed early (Table 1) by assuming an undisturbed fishing season of 13 weeks. Projected effort in each year was randomly chosen from this distribution, but was not permitted to fall below the lowest observation of 395 tows.
The number of vulnerable sea lions each year was the sum of the element products of numbers-and vulnerability-at-age. Mean catchability and its standard deviation (both in log space) were calculated by the model for each of the 5,000 posterior samples from the vulnerable numbers, the observed effort, and the number caught. Projected catchability for each year was randomly chosen from this distribution.
The bycatch in a given year was then the product of vulnerable numbers, attempted tows, and the catchability coefficient. This was compared with the specified bycatch limit and the model bycatch was the lower value.
Bycatch control rules
The work described here used a family of variants of the 1992 rule. We examined the relation between pup births and the estimated vulnerable numbers, and used that relation with the other rule constants to form a simple proportional analog of the 1992 rule: is the pup count after simulated observation error has been applied. This was generalized to simple multiples of the 1992 PBR rule: where n is the multiplier and the name of the rule. Rule 0 allows no bycatch, rule 1 is the 1992 rule, rule 2 gives bycatch limits twice as high as the 1992 rule, and so on.
Stochastic error
Random observation error was applied to pup births and random process error to the fishing process and annual mortality and pupping rates. Lognormal error was applied to the mortality rate for each age, in each year using the same random deviate for all ages, but using a different error c.v. for pups and older animals (0.50 and 0.10 respectively). These were chosen after inspection of their effects; for instance, the c.v. for age 0 allows pup mortality to be more than 50% about 3% of the time (Fig. 1) . Survival rates were truncated at one-third of the deterministic value for each age to prevent extremely low values. Each year's pupping rate was modified by lognormal error with a c.v. of 0.05, chosen after examination of its effects and comparison with the short series of observed pup counts. In sets of 5,000 projections, the sequence of stochastic errors was identical so that individual population trajectories from different bycatch control rules could be compared directly.
Indicators
We assessed whether the population was at least 90% of K, or at least 90% of the non-fished population, 90% of the time. Formally, this is
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This was evaluated for all years in a set (the "100-year criterion") or for the first 20 years of each run (the "20-year criterion"). A third criterion was that the mean of mature numbers should be 90% of K in the second 50 years of each run, when averaged over the 5,000 runs (the "Nmat/K " criterion).
We also examined effort lost : the median (of the 5,000 runs) of the mean (over the 100 years in each run) of tows lost to the bycatch control rule during the run, % closed : the median percentage of seasons closed early by the bycatch control rule, max catch and mean catch: the median of maximum and mean annual bycatch in each run, N100/K: the median population at the end of 100 years, expressed as a proportion of K for that run, and nadir/K: the median of the lowest mature numbers from each run expressed as a proportion of K.
Results
Parameter estimation
The MPD estimate of R0 was on its upper bound (Table 6) , and the marginal posterior distribution (Table 6 ) was also near this bound. Shape of the density-dependent pupping function, z, was uncertain. The survival rate parameter S2 was also near its upper bound of 1 in both the MPD and the posterior. These parameters being on their bounds caused poor McMC traces, but the traces and diagnostic plots for most other parameters were acceptable.
Fits to the pup birth estimates (Fig. 2) were flat and showed no overall trend in the residuals. The fit to bycatch-at-age (Fig. 3) showed considerable variation at ages 2-3, reflecting uncertainty in the vulnerability estimates. The fit to breeding female age frequency (Fig. 4) was generally good but showed problems at ages 8-10, reflected in the residuals. Fits to the tagged female pup re-sightings were generally good (Fig. 5) . Estimated re-sighting probabilities for the tagged female pups (Table 6) were low until 1999 and later, when they rose to 45-75%. Summaries of marginal posterior distributions of the survival-, vulnerability-, and maturity-at-age are shown in Fig. 6 . Variation in survival rate was largest for pups and the oldest animals and varied little for ages 1 to 10, suggesting that the data are highly informative about survival. Most females appear to mature between 4 and 7 years of age.
The marginal posterior distribution of mature numbers in 2003 (Table  6) suggests a current population at 96% of K. The marginal posterior distribution of λ had a median of 3.2% (Table 6 ) and was on the left-hand edge of the prior (Fig. 7) . In an early fit with a uniform prior on λ , the posterior had most of its weight near zero and the posterior for K was very wide, with much weight near the upper bound of 200,000 animals. This was thought by the Technical Working Group to be biologically unrealistic.
The 2003 pupping rate (Table 6 ) was estimated between 34% and 38%. Correlations among parameters in their marginal posterior distributions showed some high correlations, especially among survival parameters, between survival and maturity parameters, and among the re-sighting probabilities. These suggest that parameterization was not optimal; we should perhaps not have assumed that survival and maturity were related. 
Projection results
The 20-year and Nmat/K criteria were satisfied for all the rules examined (Table 7) . The 100-year criterion was satisfied until rule 9.23. Thus, the interim management goal of DoC was satisfied by nearly all rules examined. 
Age
The N100/K indicator had a median of 98% with no fishing, and fell to 92% under rule 10. The lowest point, nadir/K, had a median of 85%, which fell to 79% under rule 10. The full distributions of nadir/K and N100/K are compared between rule 0 and rule 10 in Fig. 8 . These represent the differences between complete restriction of the fishery at one end and nearly unrestricted fishing (assuming no increase in annual fishing effort) at the other; differences are small.
The median of effort lost under rule 1 was 904 (Table 7 , Fig. 9 ), roughly one-third of attempted effort. This decreases to negligible values by rule 4. The % closed index (Fig. 9) was 52% under rule 1 and declined to less than 6% after rule 4.
Mean bycatch initially rose steeply with increasing multipliers (Table  7) but reached an asymptote of 99 by rule 8 (Fig. 10) . Its value under rule 1 was 53. Maximum bycatch, with a value of 77 under rule 1, also rose steeply (Fig. 10 ) but was leveling out by rule 8 toward a maximum of 550.
Discussion
Population parameters
Compared with the two previous studies of this problem (Maunder et al. 2000 , this study used far more population data. These data enabled estimation of maturity-and vulnerability-at-age schedules, current pupping rate, pup mortality, and a more elaborate survival-at-age function. , fitting only to pup birth estimates, obtained highly uncertain population parameters only after confining the parameter space with a strong prior on adult survival. The data used in this study are much more informative, especially for survival rates, producing narrow posterior distributions for these parameters. Estimated survival of ages 1-6 was near 90%, the mean used in the strong prior of . The pup births data set contained the only information from which the model could scale the population size and hence estimate K and N1. Pups produced by tagged females were the next most important observations; in a sensitivity trial without these data, estimated current pupping rate was lower, mature numbers were higher, and (because of increased scope for density-dependence) λ was higher.
We fit the model to all data sets at once, an "integrated" approach (Maunder 2001) . A common alternative is to estimate population process parameters separately from the relevant data for use in a model, in a "segregated" approach. With an integrated model, the same assumptions are used in the estimation and projection models, parameters about which several data sets contain information (survival in this case) are estimated consistently with all data sets, and estimated parameter combinations are consistent with the data. In the segregated approach, assumptions may be contradictory, and some parameter combinations may have low likelihood even when estimated appropriately from the relevant data sets. The tight estimates of survival-at-age (Fig. 6 ) suggest a high information content in the four relevant data sets, in turn suggesting that more parameters could be devoted to this function. The estimated parameter z and the derived parameter λ remained poorly determined despite the new data; the population studied has been stable over the period with data, so density-dependence has not been observed. Such parameters could be estimated only if the population were observed over a range of sizes.
For λ, the data evidently provided some restriction on the upper limit, as the posterior distribution did not extend far beyond 0.05. But at the lower end, the data were consistent with a λ near zero. Thus two different results are consistent with the data: a population near K with a current rate of increase much less than λ, or a population much smaller than K with a small current rate of increase resulting from a very low λ.
To the model, either reconstruction fits the data. To the Technical Working Group, the second situation is not credible: the population experienced some uncontrolled exploitation in the early nineteenth century, after which sea lions are thought to have been depleted compared with the present; then the population recovered, at least at the Auckland Islands . The same conclusion is reached by McConkey et al. (2002a) . There is little evidence to suggest that the current Auckland Islands population is not near K. A bycatch control rule giving 9 times the bycatch limit of the 1992 rule satisfied the management goal. Thus the 1992 rule was much more restrictive than was necessary, and a rule with a multiplier from 2 to 4 might give a more acceptable balance between conservation and fishery exploitation goals. However, both the total fishing effort and the catchability of sea lions must be monitored to detect any increases from the mean values used here. Although the high-multiplier rules give high bycatch limits, the median sea lion bycatch has an asymptote near 100; this compares with a mean of 69 sea lions caught annually since estimates were made (Table 1) . However, the highest number of sea lions caught in 100-year runs has a median of 545 and a wide range. Such high bycatches would arise from the random coincidence of high fishing effort and high catchability. They would be politically unacceptable in New Zealand despite having a small effect on the population or population goal.
Conclusions are sensitive to the prior used for λ. Without the prior, unrealistically low values for λ were obtained, sometimes associated with high estimates of K. If projections were made from those, the effects of bycatch would be greater and the sustainable exploitation rate would be lower. This problem is related to the lack of data on density-dependence; the population appears to have been stable over the period when data were collected, leading the model to conclude that it is near K.
The model treats the Auckland Islands population as a homogeneous entity, divided in constant proportion into the four rookeries and the bycatch. Declines in pup births at Southeast Point suggest that the population is not divided among rookeries in constant proportion. If the bycatch is taken disproportionately from the rookeries, the fishery bycatch could have a greater effect on a single rookery than is suggested by our results.
